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END-CAPPED POLYMER CHAINS 
AND PRODUCTS THEREOF 

STATEMENT OF RELATED APPLICATION 

[0001] This application claims the benefit of priority to U.S. provisional patent 
application number 60/480,121 filed June 20, 2003, which is incorporated herein by 
reference in its entirety. 

FIELD OF THE INVENTION 

[0002] The present invention relates processes for converting a carbocationically 
terminated polymer to an anionically terminated polymer, and to products formed using 
such processes. 

BACKGROUND OF THE INVENTION 

[0003] Living polymerizations provide versatile synthetic routes for the preparation of a 
wide variety of well-defined polymer structures, such as end-fanctionalized polymers, 
star-shaped polymers and/or block copolymers. Because specific living polymerization 
methods (e.g., anionic and carbocationic living polymerizations) are each applicable only 
to a limited number of monomers, the combination of different living polymerization 
techniques should lead to new and unique combinations of blocks in block copolymers. 
Recent success in the synthesis of functionalized polyisobutylene (PIB) with quantitative 
functionality, and of block copolymers with high structural integrity, is based on the 
applications of non-homo-polymerizable monomers such as 1,1-diphenylethylene (DPE) 
in cationic polymerization. Bae, Y. C; Faust, R. Macromolecules 1998, 31, 9379. These 
processes involve the intermediate capping reaction of living PIB with DPE or its 
derivatives. The resulting stable and fully ionized carbenium ions have been successfully 
employed for the quantitative end-fimctionalization of living PIB with soft nucleophiles 
such as silyl ketene acetals (see Fodor, Z.; Hadjikyriacou, S.; Li, D.; Faust, R. Pofym. 
Prepr. (Am. Cherru Soc., Drv. Pofym. Chem.) 1994, 35(2), 492-493) and the controlled 
initiation of the second monomers such as p-methyl styrene (see Fodor, Z. Faust., R. 
Macromol Set, Pure Appl Chem. 1994, A31 (12), 1985-2000) and isobutyl vinyl ether 
(see Hadjikyriacou, S. Faust, R. Macromolecules 1995, 28, 7893-7900). 
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[0004] Block copolymers of isobutylene (IB) and polar monomers, such as methacrylates, 
acrylamides, polyethers, or polyesters should combine the high environmental stability of 
elastomeric, non-polar PIB with the large variety of structures and properties of polar 
polymers. However, because PIB can only be effectively obtained by carbocationic 
polymerization, many attempts have been undertaken to transform living cationic PIB 
chain ends to radical (see Chen, X.; Iv5n, B.; Kops, J.; Batsberg, W. Macromol Rapid 
Commuru 1998, 19, 585) or anionic (see Kitayama, T.; Nishiura, T.; Hatada, K. Potym. 
5u//. 1991, 26, 513) ones. 

10005] Although many prior attempts were less successful, metalation of DPB end- 
capped PIB with Na/K alloy or cesium followed by anionic polymerization allowed for 
the synthesis ofPIB-6-P/BMA diblock copolymers, PMMA-6-PIB-&-PMMA triblock 
copolymers, and (PMMA-A-PIB)3 starblock copolymers. See Feldlhusen, J.; Mn, B.; 
MiiUer, A. H. E. Macromolecules, 1997, 30, 6989; and Feldthusen, J.; Iv5n, B.; MttUer, 
A. H. E. Macromolecules 1998, 31, 578-585. Metalation with alkali metals, however, is 
inconvenient and lithiation with alkyllithium (e.g., butyllithium) would be preferable. 
Unfortunately, lithiation of DPE end-capped PIB by alkyUithium does not proceed 
quantitatively. 

[0006] Recently, Faust et al. showed that furan (Fu) functional polyisobutylene (PB-Fu) 
can be obtained by the quantitative reaction of living PIB and 2-tributylstannyl furan. See 
Hadjikyriacou, S.; Faust, R. Macromolecules 1999, 32, 6393-6399. Using unsubstituted 
Fu, however, side reactions in which two living chain ends were coupled to a single Fu 
were not avoided. Once formed, PIB-Fu chain ends could be lithiated with tf-BuLi, 
however, the polymerization of methacrylates using this macroinitiator was accompanied 
by side reactions. See Scheunemann, S. G.; Diplomarbeit, Universitat Mainz, 1999. 
[0007] In place of PIB-Fu, the present inventors have discovered that it is also possible to 
use thiophene (T) functional PIB (PD3-T) in the metalation reaction. An advantage is that 
unsubstituted T may be used to prepare PIB-T while avoiding the above noted difficulties 
associated with Fu, since the reactivity of T is about one tenth that of Fu. 
[0008] Mn et al. reported on attempts to use T as a coupling agent for living PIB, but 
under the conditions chosen (-80 °C, methylcyclohexane/dichloromethane 60/40 v/v, 
[TiCl4]/[initiator]/[T| « 10/2/1) only 17% of coupling product was formed after 2 h and 
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36% after approx. 24 h when stirred at room temperature. See Iv£n, B.; De Jong, F.; WO 
9909074 (1999), assigned to Infineum Holdings B.V., Netherlands. 



SUMMARY OF THE INVENTION 

[0009] According to one embodiment of the present invention, a method for converting a 
carbocationically terminated polymer to an anionically terminated polymer is provided. 
The method comprises: (a) providing a carbocationically terminated polymer; (b) reacting 
said carbocationically terminated polymer with a heterocyclic compound of the formula 

^ — ^ whore -X- is selected from -S- (thiophene), -O- (furan), -NH- (1 #-pyrrole) or 
-NR-, where R is an alkyl or aryl, thereby providing an end-capped polymer, and (c) 
reacting said end-capped polymer with an organolithium compound to yield an 
anionically terminated polymer. 

[0010] In the above scheme, at least 75 wt% of the carbocationically terminated polymer 
is preferably attached to the heterocyclic compound in a monofunctional (mono- 
substituted) fashion, more preferably, at least 90 wt%, at least 95 wt%, or even 99 wt% or 
more of the carbocationically terminated polymer. 

[0011] In general, the molar ratio of the heterocyclic compound to the carbocationically 
terminated polymer in the reaction mixture is greater than 1:1, more preferably greater 
than 3:1, greater than 10:1, greater than 30:1 or even 100:1 or greater. The amount of 
carbocationically terminated polymer can typically be approximated by the amount of 
initiator that is supplied at the beginning of a cationic polymerization reaction scheme. 
[0012] Examples of carbocationically terminated polymers include carbocationically 
terminated polymers of cationically polymerizable monomers, for instance, olefins such 
as isobutylene, 2-methyIbutene, isoprene, and the like, vinyl aromatics such as styrene, 
alpha-methyl styrene, para-chlorostyrene, para-methylstyrene and the like, vinyl ethers 
such as methyl vinyl ether, isobutyl vinyl ether, butyl vinyl ether, N-vinyl carbazole, and 
the like. 

[0013] In certain embodiments, the carbocationically terminated polymer is formed at 
low temperature (e.g., -80C) in a reaction mixture that comprises: (a) a solvent system 
appropriate for cationic polymerization, many of which are well known in the art (for 
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example, a mixture of polar and non-polar solvents, such as a mixture of methyl chloride 
and hexanes), (b) a monomer (e.g., isobutylene or another cationically polymerizable 
monomer such as those discussed above), (c) an initiator, for example, tert-ester, tert- 
ether, tert-hydroxyl or tert-halogen containing compounds, and more typically cumyl 
esters of hydrocaibon acids such as alkyl cumyl ethers, cumyl halides and cumyl 
hydroxyl compounds, as well as hindered versions of the same, for instance, terf-butyl 
dicumyl chloride and tert-butyl dicumyl chloride (5-/^-ButyM,3-bis(l-chloro-l- 
methylethyl)benzene) are used in the Examples below; and (d) a coinitiator, typically a 
Lewis acid such as boron trichloride or titanium tetrachloride. Carbocationically 
terminated star polymers can be formed by selecting initiators having three or more 
initiation sites such as tricumyl chloride (l,3,5-tris(l-^hloroy-l-methylethyl)benzene). 
[0014] In addition, an electron pair donor (e.g., dimethyl acetamide, dimethyl sulfoxide 
or dimethyl phthalate) or a proton-scavenger (e.g., 2,6-di-tert-butylpyridine, 4-methyl- 
2,6-di-tert-butylpyridine, l,8-bis(dimethyIamino)-naphthalene or diisopropylethyl amine) 
can be added to the reaction mixture if desired 

[0015] Once a carbocationically terminated polymer is provided in an appropriate solvent 
system such as those discussed above (e.g., living cationic PIB provided in a CH 3 Cl/n- 
hexane solvent system), a heterocyclic compound like those described above (e.g., 
thiophene) is added, and allowed to react with the carbocationically terminated polymer 
under appropriate reaction conditions (e.g., -78C) to form an end-capped polymer (e.g., 
PIB-T). 

[0016] Where a proton scavenger is used (for example, to scavenge protic impurities and 
thereby achieve a narrowing of the molecular weight distribution of the carbocationically 
terminated polymer), the amount of proton scavenger is preferably held to a minimum, 
thereby avoiding reaction of more than one carbocationically terminated polymer with 
each heterocyclic compound. Preferably, the molar ratio of proton scavenger to 
carbocationically terminated polymer (which can be approximated by the initial initiator 
concentration) is 1:1 or less, for example, 0.75:1 or less, 0.66:1 or less, 0.5:1 or less, 
0.25:1 or less, or even 0.1:1 or less. 

[0017] Moreover, the molar ratio of Lewis acid to carbocationically terminated polymer 
(or initiator) is typically greater than 10, more typically greater than 20, 30, 40 or more in 
order to improve reactivity with between the polymer and the heterocyclic compound. 
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[0018] Once formed, Hie end-capped polymer (e.g., PIB-T) is typically isolated and 
purified. As indicated above, preferred end-capped polymers are thiophene-terminated 
polymers of cationically polymerizable monomers. After isolation and purification, the 
end-capped polymer is lithiated with an organolithium compound, thereby yielding an 
anionically terminated polymer (or macroinitiator). The organolithium compound is 
typically an alkyllithium compound, for example, methyllithium, ethyllithium, 
isopropyllithium, normal-, secondary- and tertiary-butyllithium, benzyllithium, 
allyllithhim, and so forth. 

[0019] Lithiation can be conducted, for example, at low temperatures (e.g., -40°C) in a 
reaction mixture that comprises: (a) a solvent system appropriate for lithiation, many of 
which are well known in the art (for example, a polar solvent such as THF or a non-polar 
solvent, such as hexane or toluene in the presence of an electron donor, such as 
N^N'N^tetramethylethylenedieamine), (b) the end-capped polymer (e.g., PIB-T) to be 
lithiated, and (c) the organolithium compound (e.g., an alkyllithium compound such as n- 
BuLi, s-BuLi or terf-BuLi). 

[0020] The organolithium compound may be provided in a molar excess relative to the 
end-capped polymer. For example, the molar ratio of the organolithium compound to the 
end-capped polymer is beneficially 1.1:1, 1.5:1, 2:1, 4:1, or even greater. Excess 
organolithium compound can be removed, for example, by increasing the temperature of 
the same in the presence of a reactive solvent, foT example, by increasing the temperature 
to +30 °C or higher in the presence of THF. 

[0021] Consistent with the above, preferred anionically terminated polymers are lithiated, 
thiophene-terminated polymers of cationically polymerizable monomers. 
[0022] Once formed, the anionically terminated polymer may be subjected to a variety of 
additional processes. For example, an anionic polymerization step such as a living 
anionic polymerization step can be performed by combining the anionically terminated 
polymer with an appropriate anionically polymerizable monomer, for example, a polar 
monomer. Examples of anionically polymerizable monomers include vinyl aromatic 
monomers such as styrene, alkyl substituted styrene and divinyl benzene, 
diphenylethylene, conjugated dienes such as isoprene and butadiene, N,N-disubstituted 
acrylamides and methacrylamides such asN,N-dimethylacrylamide, alkyl acrylates and 
methacrylates such as isodecyl methacrylate, glycidyl methacrylate and terf-butyl 
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methacrylate, vinyl unsaturated amides, acrylonitrile, methacrylonitrile, vinyl pyridines, 
isopropenyl pyridines, other vinyl monomers such as n-alkyl isocyanates, heterocyclic 
monomers such as ethylene oxide, s-caprolactone, L,L-lactide, D,D-lactide, D,L-lactide, 
and their mixtures.. 

10023] Preferred block copolymers are those comprising (a) one or more polymer blocks 
formed from cationically polymerizable monomers and (b) one or more blocks of 
anionically polymerizable monomers. Examples include X-(CA) n, X^C'A^ or 
X(CAA% where C and C are blocks formed from one or more cationically 
polymerizable monomer types, where A and A' are blocks formed from one or more 
anionically polymerizable monomer types, where X is an initiator molecule, where n is a 
positive whole number (as noted above, initiators can yield multi-armed block polymers), 
and where the thiophene residue is not shown. More preferred are X-(CA) „ structures 
where n=l and n=2, which are frequently referred to as diblock copolymers and triblock 
copolymers respectively (this terminology disregards the presence of die initiator, which 
is trivial, for example, treating C-X-C as a single C block with the triblock therefore 
denoted as ACA). Where n=3 or more, these structures are commonly referred to as star- 
shaped block copolymers or star-block copolymers. 

[0024] As another example, the anionically terminated polymers of the present invention 
can be reacted with a linking compound. Examples of linking compounds include 
halogenated silanes, SiClnR**, or carbosilanes, such as [CluSiR^^CR'ni, or more 
highly branched structures, where n and m are integers between 1 and 4, R and R' can 
independently be either hydrogen or an alkyl group, and where the thiophene residue is 
not shown. Other linking agents include aromatic compounds like benzene or naphthalene 
carrying two or more chloromethyl or bromomethyl or chlorodialkylsilyl groups. 
[0025] For instance, the anionically terminated polymer can be reacted with SiCUU^ to 
form linear and star polymers (e.g., up to four branches). This process is commonly 
carried out at a temperature that is higher than that of prior steps (e.g., cationic 
polymerization, end-capping and lithiation), for example, at room temperature (25°C), or 
even greater (e.g., 40°C). 

[0026] Hie polymer products of the present invention may be used, for example, as new 
thermoplastic elastomers, dispersing agents, compatibilizers, emulsifiers, nonionic 
surfactants or biomaterials. 
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[0027] The above and other embodiments, aspects and examples of the present invention 
will become readily apparent to those of ordinary skill in the art in view of the disclosure 
herein. 

BRIEF DESCRIPTION OF THE FIGURES 

[0028] Figure 1 is an ! H NMR spectrum corresponding to 2-(l, 1,33- 

tetramethylbutyl)tliiophene. 

[0029] Figure 2 is a synthesis scheme illustrating the capping of a living PIB carbocation 
with Thiophene. 

[0030] Figure 3 is ah l H NMR spectrum corresponding to thiophene-functionalized PIB. 
[0031] Figure 4 illustrates *H NMR spectra of (a) PIB and of PIB-T prepared by the 
addition of Thiophene (T) to polymer where the [TiCU]/[*BuDiCumCl] ratios are as 
follows: (b)l;(c)2;(d)4;(e)8. 

[0032] Figure 5 illustrates *H NMR spectra of (a) PIB and of PIB-T prepared by the 
addition of Thiophene (T) to polymer where the p/BP]/[/BuDiCumCl] ratios are as 
follows: (b)0;(c)l;(d) 2;(e)3. 

[0033] Figure 6 is a schematic diagram illustrating a proposed mechanism for the 
coupling reaction of PIB cation with PIB-T. 

[0034] Figure 7 is a schematic diagram illustrating the lithiation of TMP-T and 
subsequent reaction with Me 3 SiCl. 

[0035] Figure 8 illustrates ! H NMR spectra of TMP-T before and after quenching with 
Me 3 SiClat+40 °C. 

[0036] Figure 9 is a gas chromatogram of TMP-T after quenching with MeaSiCl at +40 
°C. 

[0037] Figure 10 is a schematic diagram illustrating the synthesis of PIB-ft-P/BMA block 
copolymer. 

[0038] Figure 1 1 illustrates SEC traces (RI detector) ofPIB-fe-PfBMA where (a) [n- h 

BuLi]:[PIB-T] = 1:1 and where (b) [rt-BuLi]:[PIB-T] = 4:1. 

[0039] Figure 12 illustrates LACCC chromatograms of PIB-A-PiBMA at critical 

conditions of PIB (ELSD Detector) where (a) [n-BuLi]:[PIB-T) = 1:1 and where (b) [n- 

BuLi]:[PIB-T]=4:l. 

[0040] Figure 13 is a schematic illustration of the synthesis of PIB stars. 
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[0041) Figure 14 illustrates SBC traces (RI detector) of the arm precursor (PIB-T)) and 
samples taken during the linking reaction of PIB-T with SiCU (Exp. 2). 

DETAILED DESCRIPTION 

[0042] The present invention now will be described more fully hereinafter with reference 
to certain specific embodiments. This invention may, however, be embodied in different 
forms and should not be construed as limited to the embodiments set forth herein. 
[0043] According to one aspect of the present invention, a new route to an anionically 
terminated polymer (also referred to herein as a "macroinitiator" based on its ability to 
initiate further reactions), for example, an anionic PIB macroinitiator, is provided by 
reacting a carbocationically terminated polymer (e.g., living cationic PIB) with a 
heterocyclic compound (e.g., T) to form an end-capped compound (e.g., PIB-T) and 
subsequent lithiation with an alkyllithium compound (e.g., n-BuLi) to provide, in this 
instance, the macrocarbanion, PIB-T,Li + . 

100441 In some embodiments, these macroinitiators are used to synthesize star polymers 
(e.g., PIB stars) by reacting the macroinitiators (e.g., PIB-T,Li + ) with coupling molecules 
such as chlorosilanes (which have been used previously to couple living polybutadiene 
anionic chain ends to form star polymers; see Roovers, J. E. L. and S. Bywater (1972). 
" Macromolecules 1972, 5, 385). 

[0045] In other embodiments, these anionic macroinitiators (e.g., PIB-TVLi*) are used to 
efficiently initiate the polymerization of anionically polymerizable monomers (e.g., tert- 
butyl methacrylate, *BMA) to produce block copolymers in nearly quantitative yield. In 
this way, the present invention provides new synthetic routes for block copolymers (e.g., 
PIB-poly(methacrylate)), which combines living carbocationic and anionic 
polymerizations. Subsequent to anionic polymerization and before anion quenching, the 
resulting block copolymers can be reacted, if desired, with coupling molecules, such as 
(di- or trichloromethyl)benzene, to form star copolymers (e.g., PIB- fBMA stars). 
[0046] to accordance with still other, more specific, embodiments of the invention: (a) 
rapid and quantitative monoaddition of thiophene to living PIB chains is observed using 
TiCU as Lewis acid in n-hexane/ClfcCfe 60/40 v/v at -78 °C leading to the formation of 
2-polyisobutylenyl-thiophene (PIB-T); (b) PIB-T is quantitatively metalated with n- 
butyllithium in THF at -40 °C; (c) The resulting stable macrocarbanion (PIB-TJLi 4 ) is 
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used to initiate living anionic polymerization of terf-butyl methacrylate (fBMA) yielding 
PIB-6-IVBMA block copolymers with high blocking efficiency; and (d) PB stars are 
prepared via the coupling reaction of the stable macrocarbanion (PIB-TjLi 4 ) with SiCU 
as a coupling agent 

EXPERIMENTAL 

p^lMaterials. 2,6-Di«ferf-butylpyridine (DfBP, Aldrich, 97%) was purified by 
distillation from CaH 2 . Isobutylene (IB, BASF) was passed through in-line gas purifier 
columns packed with CaSCU and no. 13 molecular sieves and condensed at -15 °C prior to 
polymerization. CH 3 C1 was passed through in-line gas purifier columns packed with 
BaO/Drierife and condensed at -80 °C prior to polymerization. CH 2 C1 2 was purified by 
washing it with 10% aqueous NaOH and then with distilled water until neutral and dried 
over anhydrous MgSCU overnight. It was refluxed for 24 h and distilled from CaH 2 , just 
before use. N-hexane was rendered olefin free by refluxing it over concentrated sulfuric 
acid for 48 h. It was washed with 10% aqueous NaOH and then with deionized water 
until neutral and stored over MgS0 4 for 24 h. It was then refluxed over CaH 2 overnight 
and distilled. Methylcyclohexane (MeCHX, Aldrich, 99%) and titanium (TV) chloride 
(TiCU, Aldrich, 99.9%) was used as received. Thiophene (T, Aldrich, 99%) was distilled 
the day before use and stored at 4 °C. 2-CMoro-2,4,4-trimethylpentane (TMPC1) was 
prepared by hydrochlorination of 2,4,4-trimethyl-l-pentene (Fluka, 98 %) with hydrogen 
chloride gas in dry dichloromethane at 0 °C. See Kaszas, G.; Gyor, M; Kennedy, J. P.; 
Tfld5s, F. J. MacromoLScL, Chem 1983, 475,1367-1382. The product was dried over 
CaCl 2 and distilled under reduced pressure before use. 5-terf-Butyl- 1 ,3-bis( 1 -chloro- 1 - 
methylethyl)benzene (ffiuDiCumCl) was synthesized following the procedure reported 
elsewhere. See Gyor, M. Wang., H. C; Faust, R. J. /. MacromoLScL, Pure AppL Chem 
1992, A29, 639. Chlorotrimethylsilane (Me 3 SiCl) and tetrachlorosilane (SiCU) (both 
Merck, 98 %) were stirred over freshly ground CaH 2 for at least 24 h, followed by 
distillation prior to use. Triethylaluminum (AlEt 3 , Aldrich, 1 .0 M in hexane) was used as 
received. terf-Butyl methacrylate (/BMA, BASF) was predried with CaH 2 , carefully 
degassed by freeze-thaw cycles in high vacuum, mixed with AlEt3 solution until a yellow 
color persisted and then condensed into ampoules. THF (Merck p.a.) was purified first by 
distillation under nitrogen from CaH 2 and then by refluxing over potassium, n- 
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Butyllhhium (n-BuLi, 1.6 M in hexane) was purchased from Aldrich and its concentration 
was titrated by a standard method. See Reed, P. J.; Urwin, J. R. J. Organometal. Chem. 
1972, 39, 1-10. 

[0048} Characterizations. J H-NMR spectroscopy was carried out on a Broker AC-250 
MHz spectrometer at 25 °C in CDC1 3 using TMS as an internal standard. Gas 
Chromatography (GC) was carried out on a Fisons GC 8000 model equipped with flame 
ionization detection (FID). A DB1 memylpolysiloxane column (30 m x 0.53 mm I.D.) 
was used with hydrogen as carrier gas. Size Exclusion Chromatography (SEC) was 
performed using THF as eluent at a flow rate of 1 mL/min equipped with four 30 cm PSS 
SDVgel columns (particle size 5 /an, porosity 10 2 - 10 s A) heated to 40 °C. Calibration 
was based on PB and PtBMA standards (PSS, Mainz). Molecular weights of PIB stars 
were determined by universal calibration using three 30 cm PSS SDVgel columns of 5 
um with 10 3 , 10 5 , and 10 6 A porosity; detectors: Shodex RI-71 refractive index detector; 
Jasco Uvideo-100-m UV detector (X = 254 nm); Viscotek viscosity detector H 502B. 
Liquid adsorption chromatography under critical conditions (LACCC) was conducted on 
a TSP HPLC system at a flow rate of 0.5 mL/min. An Evaporative Light Scattering 
Detector (ELSD, PL-EMD 960) operating at 50 °C with a gas flow rate of 3.5 L/min was 
used for mass detection. 10 fJL of ca. 0.5 wt% polymer solutions were injected. All 
measurements were carried out at a constant column temperature of 35 °C. Two Reversed 
Phase columns (YMC, 250 x 4 mm) with 5 um average particle size, 1 00 A and 300 A 
pore diameter were used. The critical solvent composition for PIB is THF/Methanol 
80.5/19.5 (wt/wt). Premixing of the mobile phase by weight is necessary for a constant 
and exact composition. 

Example 1. End-capping of PIB with Thiophene 

[0049] Model experiments with TMPCL Orienting model experiments were canned out 
with TMPC1, which mimics the end group structure of /ert-chloro-terminated PIB and the 
living cham ends upon addition of TiCU as a Lewis acid. These reactions were carried out 
in order to investigate the end-capping with T. The 'H NMR spectrum of 2-(l, 1,3,3- 
tetrametylbutyl) thiophene is shown along with the assignments in Figure 1. The 
resonances identified in the aromatic range at 6.82 (1H on Cd), 6.89 (1H on Ce), 7.10 (1H 
on Cf) confirmed one thiophene ring substituted by the TMP residue. In the aliphatic 
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region the *HNMR spectral assignments are as follows: 0.81 ppm (s, 9H, CH 3 ), 1.44 ppm 
(s, 6H, CH3), 1.73 ppm (s, 2H, CH 3 ), 6.82 ppm (m, 1H, thiophene CH), 6.89 ppm (m, 1H, 
thiophene CH), 7.10 ppm (m, 1H, thiophene CH). 

[0050] Synthesis of Thiophene-Ended PIB (PIB-T). It was of interest to determine 
whether the end-functionalization results obtained with the model compounds could be 
applied to the synthesis of thiophene-ended PIB. 

[0051] The synthesis of PIB-T was carried out under a dry nitrogen atmosphere in a 
glovebox. Living polymerizations of IB with TMPC1 as initiator were carried out 
according to the following representative procedure. Into a 1 L three-necked flask 
equipped with a septum, a magnetic stirrer, and a nitrogen inlet were added of 240 mL of 
CH3CI, 404 mL of n-hexane, and 0.355 mL (0.302 g, 1.58 mmol) of DrBP and then the 
mixture was cooled to -78 °C. 15 mL (10.57 g, 0.188 mol) of IB was charged to the 
reactor by a syringe. After 10 min of stirring, 0.6 mL (0.525 g, 3.53 mmol) of TMPC1 was 
transferred to the reactor by a transfer needle. After 5 min of stirring, 1 .5 mL (2.68 g, 
0.014 mol) of TiCU was transferred to the reactor by a transfer needle. One hour later 
28.3 mL (29.74 g, 0.353 mol) of T was added to the polymerization system; the color of 
the solution changed from slightly yellow to red. T was allowed to react with the living 
chain ends for 60 min. Finally, the reaction was quenched by addition of 30 mL (23.55 g, 
0.75 mol) of prechilled methanol. The crude product was dissolved in n-hexane and the . 
mixture was filtered in order to remove inorganic precipitates. Then, the hexanes phase 
was isolated and washed once with NH3(aq) and subsequently with water until neutral. 
The organic layer was separated and dried over MgSC>4 for about 2 h. Subsequently, the 
solution was filtered, and the solvent was removed on a rotary evaporator. Then, the 
polymer was dissolved in a small amount of n-hexane and precipitated two or three times 
into acetone in order to remove excess T. 

[0052] The proposed scheme for the above is illustrated in Figure 2. Figure 3 shows the 
*H NMR spectrum of the resulting polymer. This spectrum indicates quantitative end- 
functionalization and formation of 2-polyisobutyIenyl-thiophene (PIB-T) by this process. 
This confirms results obtained with the corresponding model compound. Quantitative 
addition was indicated by the disappearance of the peaks at 1.9 ppm (PD3-CH2-C(CH3)2- 
CI) and 1.69 ppm (PB-CH2-C(CH3)2"C1). Anew set of peaks at 1.82, 6.80, 6.88, and 
7.09 ppm appeared due to the presence of the thiophene ring at the chain aid. Undesirable 
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coupling products (double addition of PIB at thiophene") or other side reactions, e.g. as 
determined with furan,* 16 were not detectable under the conditions used. See Ivdn, B.; De 
Jong, F.; WO 9909074 (1999), to: Infineum Holdings B.V., Netherlands; Hadjikyriacou, 
S.; Faust, R. Macromolectdes 1999, 32, 6393-6399; Hadjikyriacou, S.; Faust, R. 
Macromolecules 2000, 33, 730-733. 

Example 2. Synthesis of a,tf>Dithiophene-Ended PIB (T-PIB-T). 
[0053] Polymerizations were initiated with the difonctional initiator 5-terf-butyl-l,3- 
bis(l-chloro-l-methylethyl)ben2ene (fBuDiCumCI). After completion of IB 
polymerization, equal volumes of the polymer solution in the reactor were delivered into 
culture tubes. To each culture tube additional amount of TiCU or D/BP was charged to 
vary the ratio of [TiCU] to [fBuDiCumCl] or [EMBP] to [fBuDiCumCl] in the polymer 
solution. The fimctionalization of PIB was conducted by two different methods: addition 
of T/CH3CI solution into the polymer solution (T to polymer) and addition of the polymer 
solution into T/CH3CI solution (polymer to T). 200 equiv. of T was used for the 
fimctionalization of PIB. After 1 h, the reaction mature was quenched with prechilled 
methanol and poured into methanol The polymer was purified by the precipitation of the 
polymer solution into methanol, followed by drying in vacuum. 

[0054] Effect of the ratio of [TiCU] to [fBuDiCumCl]. Living PIB was prepared by the 
polymerization of IB with the JBuDiCumCl (LI x 10" 2 M)/TiCU (1.1 x 10' 2 M) initiator 
system in the presence of D/BP (3.0 x 10' 3 M) as a proton trap in MeCHX/CHaCl at -80 
°C. After polymerization of IB, the polymer solution was delivered to culture tubes to 
which additional amount of TiCU were charged so that the ratios of [TiCU] to 
[fBuDiCumCl] in the polymer solution were varied from 1 to 8. T end-functionalizarion 
of PIB was conducted by using the methods as described above. Figure 4 shows the 1 H 
NMR spectra of PIB and PIB-T. As the fTiCU]/[fBuDiOimCI] ratio increased, peaks at 
2.0 ppm and 1.7 ppm assigned to methylene and methyl protons at the chain ends of PIB 
decreased and peak at 1 .85 ppm assigned to methylene protons at the chain ends of PIB-T 
as well as methylene protons adjacent to initiator moiety increased. From the *H NMR 
spectra, the functionalities of PIBs were calculated as presented in Table 1 . The 
functionality of PIB increased with [TiCU]/[®uDiCumCl] and 100% T-PDB-T could be 
obtained in 1 h at [TiCU]/[/BuDiCumCl] = 8. It is noteworthy that the addition method of 
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i T did not affect the functionalization of PIB. The M„ and MJM n of starting PIB and the 
product was independent of the ratio [TiCl4]/[/BuDiCumCl], indicating the absence of 
coupling reactions. 



Table 1. Molecular weights and thiophene funtionalities of PIBs* 

Addition method (TiCU]/ 10 -3 M>(g/mol) MJM n Functionality 

[/BuDiCumCl] (%) 

T to polymer 1 ~T\ i3l 0~ 

2 7.1 , 1.35 12 

4 7.2 133 50 

8 7.5 1.36 100 
PofymertoT i 6.9 135 '6" 

2 7.0 133 14 

4 73 133 50 

8 7.4 1.36 100 



~~ 8 PIB precursor: M„ - 6,900 g/mol; MJM„ = 1.34. [rBuDiCumCl] - 1.1 x 10* M, 
[DrBP] = 3.0 x 10" 3 M, [IB] = 1.1 M 



[0055] While T-PIB-T of relatively low M„ are prepared, as described above, using 
initiator concentrations in die range of 10" 2 M, die preparation of high M B T-PIB-T 
requires lower initiator concentrations in the range of 10" 3 M. To investigate the 
functionalization reaction of living PIB with T under these conditions, living PIB was 
prepared by using the following concentrations: [/BuDiCumCl] = 2.7 x 10* 3 M; [TiCU] = 
2.2 x 10 -2 M; [DfBP] = 3.0 x W 3 M. The [TiCU]/[tBuDiCumC13 ratios were varied from 
8 to 32. Table 2 shows that when [TiCUM'BuDiCumCl] > 24, the functionality of PIB 
was 100% independent of the addition method of T. While the M a and MJM„ of 
functionalized PIB did not change with [TiCU]/[fBuDiCumCl], 4~5 mol% of di- 
substhuted thiophene (PIB-T-PIB) was observed in the ! H NMR spectra at 
[TiCUM/BuDiCumCl] > 16. 
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Table 2: Molecular weights and thiophene functionalities of PIBs a 

Addition method [TiCU]/ " ™~ 10*M n (g/mol) . MJM n Functionality 

[fBuDiCumCl] (%) 

_____ g 73 1.10 36 

16 7.4 1.11 85 

24 7.6 1.12 100 

32 7.4 1.13 100 

Polym^toT 8 74 ~. "liT"" ™. 

16 7.5 1.11 100 

24 7.4 1.12 100 

32 7.6 1.12 100 



a PIB precursor: M n = 7,300 g/mol; Mw/M„ = 1.11; [fBuDiCumCl] = 2.7 x 10* M, 
[DfBP] - 3.0 x 10- 3 M, [IB] = 0.27 M. 

[0056] Effect of DfflP. Since coupling involves a reaction between living PIB and PD3-T, 
the first step is hypothesized to involve proton elimination from the PIB-T cation, formed 
upon addition of Tto living PIB. To study the role of D/BP, living PIB was prepared 
without DfBP with [/BuDiCumCl] = 1.0 x 10' 3 M and [TiCU] = 3.6 x 10" 2 M. The 
obtained PIB precursor exhibited broad molecular weight distribution (MJM n ~ 1 .67). 
DfBP was then added to the polymer solution for the functionalization to vary the 
[D/BP]/[rBuDiCumCl] ratios from 0 to 3. Figure 5 shows the *H NMR spectra of PIB 
precursor and functionalized PDBs. As the p*BP]/[/BuDiCumCl] ratio increased, the peak 
at 6.65 ppm assigned to protons at di-substituted T increased and peaks at 6.70-7.15 ppm 
assigned to protons at mono-substituted T decreased. The functionalities of all samples 
were calculated to be 100% irrespective of the ratio of [D/BP] to [/BuDiCumCl]. 
However, the mol% of di-substituted T moiety from the coupling reaction of PIB cation 
and T increased with pjBP]/[fBuDiCumCl] (Table 3), resulting in the increase of M n and 
MJM n of functionalized PIB. From these results, it is evident that D/BP plays a major 
role in the coupling reaction. 
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Table 3: Molecular weights and fraction of di-substituted T in PIBs a 
Addition method \DtEP]/ 10^M n (gAnol) MM PIB-T-PIB 

[/BuDiCumCl] (mol%) 
T to polymer 0 lOil L68 2~ 

1 103 1.66 8 

2 1L4 1.95 21 

3 11.2 1.94 22 
Pol)TOCTtoT 0" 9.9 1169 Y 

1 10.4 1.70 9 

2 11.4 1.93 22 

3 11.3 1.98 22 
" a PIB precursor. M n = 9,900 g/mol; MM = 1.67; [fBuDiCumCl] = 1.0 x MT 3 M, 
[TiCU]/ [fBuDiCumCl] = 36, [B] - 0.15 M; thiophene functionality = 100% 



[0057] Proposed Mechanism of Coupling. The results suggest that the PIB-T cation 
undergoes deprotonation generating PIB-T in situ (Figure 6). Whether proton elimination 
is bimolecular, induced by DfBP, or unimolecular and the role of D/BP is only to capture 
the eliminated proton is not known at present. It is clear, however, that successful 
preparation of PIB-T is not directly related to the M„. Low M n PIB-T was prepared 
without coupled products because high initiator concentration (~10* 2 M) relative to that of 
D&P (~10" 3 M) was used. According to this finding, D/BP is preferably used in a 
concentration similar to the concentration of adventitious protic impurities (~L0 x 10" 3 
M) and excess of D/BP is typically avoided especially at low initiator concentrations. 
Accordingly, high M n PIB-T was prepared by following conditions: [IB] = 1.5 M, 
[ffiuDiCumCl] - 1.5 x 10" 3 M; [D/BP] - 1.0 x 10' 3 M; [TiCU] - 3.6 x 10" 2 M. M n and 
MJM n of PIB-T prepared from the reaction of living PIB with T (M n = 52,000 g/mol) and 
those of PIB precursor (M„ = 50,100 g/mol) are virtually identical. l H NMR spectroscopy 
of the products confirmed the quantitative functionalization and the absence of coupled 
product 
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Example 3. Lithiation of PEB-T 

[0058] Lithiation of the Model Compound 2-(l,l^^tetrametylbutyI)thiophene 
(TMP-T). Orienting model experiments were carried out with TMP-T which mimics the 
end group structure ofPIB-T. These reactions were carried out in order to optimize the 

lithiation of PIB-T and to predict fee stability of the anionic chain ends, PIB-rjA at 
elevated temperature. One consequence of incomplete lithiation is the presence of 
unreacted precursor together with the desired block copolymer. Moreover, unreacted n- 
BuLi can separately initiate anionic polymerization (e.g., polymerization of fBMA) or it 
can attack ester groups by a nucleophilic substitution. See Hsieh, H. L.; Qubk, R. P. 
Anionic Polymerization. Principles and Practical Applications; M. Dekken New York, 
1996. The easiest way to remove excess n-BuLi is to heat the THF solution, since H-BuLi 
reacts wife THF at elevated temperature, forming ethylene and alkoxides. See Jung, M. E. 
Blum., R. B. Tetrahedron Lett. 1977, 43, 3791-3794. Thus, an excess of n-BuLi can be 
used for the lithiation, and then it can be destroyed by wanning. This method can only be 

used if the formed anion (PIB-TVLi*) is stable under these conditions. Some 
organolithium compounds are known to react wife THF and other ethers (see Rembaum, 
A. Siao, S. P.; Indictor, N. J. Potym. ScL 1962, 56 577, 1962) but no information exists on 
fee thermal stability of fee anion PIB-T.Li*. Thus, a model reaction was carried out 
using TMP-T. This reaction is shown in Figure 7. 

[0059] Synthesis of 2-(l,lr3,3-tetrametylbutyl)thiophene (TMP-T). Model reactions 
wife TMPC1 were carried out under identical conditions to living cationic 
polymerizations of IB at -78 °C. In a 500 mL three-necked flask equipped wife a septum, 
a magnetic stirrer, and a nitrogen inlet were added 16 mL of CH2CI2, 20 mL of n-hexane, 
and 0.07 mL (0.059 g,'0.3 12 mmol) of D/BP and then fee mixture was cooled to -78 C. 
After 10 min of stirring 5.07 mL (4.43 g, 29 mmol) of TMPC1 was transferred to the 
reactor by a transfer needle. After 5 min of stirring, 6.57 mL (1 1 .38 g, 60 mmol) of TiCL$ 
was transferred to the reactor by a transfer needle. One hour later 2.6 mL (2.73 g, 32 
mmol) of T in a solution of 6 mL of w-hexane and 4 mL of CH2CI2 was added to the 
system. T was allowed to react with fee living chain ends for 60 min. The reaction was 
quenched by addition of 20 mL (15.7 g, 0.51 mol) of prechilled methanol. Finally, fee 



16 



WO 2004/113400 



PCT/US2004/019774 



solvent was removed on a rotary evaporator and the product (TMP-T) was dried and 
distilled under reduced pressure before use. 

[0060] Lithiation of TMP-T and reaction with MfeSiCI. Reaction of lithiated TMP-T 
with Me 3 SiCl was carried out under identical conditions to living anionic polymerizations 
of fBMA. In a 1 L stirred glass reactor were added 400 mL of THF and 1.75 g (8.93 
mmol) of TMP-T, and then the mixture was cooled to -40 °C. A sample was taken to 
determine the exact concentration of TMP-T from gas chromatography (GC) and NMR 
spectroscopy (see Figure 8). 

[0061] After 10 min of stirring, 7.25 mL (1 1.6 mmol) of tt-BuLi was transferred to the 
reactor by a transfer needle. The excess w-BuLi was allowed to react with TMP-T for 60 
min to form the anion (PIB-TJLi 4 ). The system was warmed to +40 °C and stirred for 1 h 
in order to destroy the excess of /j-BuLi, followed by addition of 1 .46 mL (1 26 g, 1 1 .6 
mmol) of MeaSiCl. Finally, the solvent was removed on a rotary evaporator and the 
product (TMP-T-SiMe3) was dried and distilled under reduced pressure. 
[0062] The reaction products were characterized by GC and NMR spectroscopy. Figure 8 
shows the ! H NMR spectrum of the resulting product. This spectrum indicates 
quantitative formation of 2-(trimethylsilyI)-5-(l J,3,3-tetramethylbutyl)thiophene. 
Quantitative addition was indicated by the disappearance of the peak at 7. 10 ppm. A new 
peak at 0.29 ppm appeared due to the presence of the trimethylsilyl group. The 
conversion of this reaction was determined by GC (Figure 9). The GC characterization 
was carried out using decane as an internal standard. The sample, obtained after 
quenching with Me3SiCl at +40 °C showed high yields (> 98.9 %) in the formation of 2- 
(trimethylsilyl>5-(l ,l,3,3-tetramethylbutyl)thiophene. This means that the anion formed 
during the lithiation (TMP-T" JLi*) is stable for an hour even after the warming of the 
reaction mixture to 40 °C. Thus the results of the model experiments indicated that the 
lithiation of the precursor (PIB-T) can be carried out using an excess 6f n-BuLi and then 
the excess can be destroyed by warming without affecting the stability of the formed 
anion (PIB-rjLi + ). 

Example 4. Synthesis of PIB-MP/BMA. 

[0063] The synthesis of PIB-&-PfBMA was accomplished by using lithiated PIB-T as an 
anionic macroinitiator of /BMA polymerization in THF (Figure 10). 
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[0064] All copolymerizations were carried out in 1 L stirred glass reactor (Btichi) with a 
thermostated cooling jacket, steel capillary connections to introduce gases and solvents, 
and devices to measure temperature and pressure. Solvents were directly introduced from 
the distillation apparatus into the reactor. Monomer was introduced from glass ampoules 
via spherical joint or with dry syringe. Solutions of n-BuLi and macroinitiator (PIB-T) 
were handled with syringes. In a typical procedure 5 mL (8 mmol) H-BuLi solution were 
added to 400 mL purified THF and aged at room temperature overnight. 
[0065] On the next day macroinitiator and w-BuLi were introduced and cooled to -40 °C. 
See Auschra, C. Stadler., R. Polymer Bulletin 1993, 50, 257-264. Specifically, 1.21 g 
(0.355 mmol) of PIB-T (M Q - 3.40 x 10 3 g/mol) were freeze-dried from benzene solution 
for 8 h and then vacuum-dried for more than 10 h. On a vacuum line, the dried PIB-T 
was dissolved in THF and then the mixture was added to the stirred glass reactor and 
cooled to -40 °C. 0.23 ml (0.368 mmol) w-BuLi solution was added with a dry syringe 
afterwards. The reaction was held at -40 °C for 1 h. 5.34 g (0.037 mol) fflMA was added 
in bulk to the macroinitiator solution. After 2.5 h the polymerization was quenched with 
methanol. Finally, the polymer was precipitated into isopropanol and dried under vacuum 
at room temperature. Two experiments were conducted. In the first experiment (see 
above) an equimolar amount of n-BuLi was used for the metalation. In the second 
experiment a fourfold excess of n-BuLi was used and the unreacted BuLi was destroyed 
by heating to +40 °C for 1 h. 

[0066] The complete characterization of block copolymers, i.e., the measurement of 
molar mass distribution in combination with the chemical distribution of the components 
of the desired architecture (dibiock, triblock, multiblock), is useful for optimization of 
synthesis methods. Thus, the resulting polymers were first investigated by SEC. Figure 
1 1 shows the SEC eluograms (RI signal) for these block copolymers. The results are 
collected in Table 4. It can be seen that a peak appears for the unreacted PD3 in the 
polymer lithiated by an equimolar amount of n-BuLi, however, no precursor is detected 
when an excess of w-BuLi is used. 
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Table 4. SEC and LACCC Characterization of PIB-b-PfBMA. 

MB* PEB-M > fBMA D W* 

[nBuLi]/ 10" 3 Mn MJM* 10* 3 M„ MM 

[PIB-TI 

1 323 126 36l L02 

4 3-46 1.28 602 1.02 

a detennined with linear PIB standards. 

b detennined with linear P/BMA standards. 

c blocking efficiency, as determined by LACCC with ELSD detector. 

[0067] Liquid chromatography at critical conditions of adsorption (LACCC) is a recent 
and most powerful method for the characterization of block copolymers according to the 
chemical heterogeneity. See Falkenhagen, J.; Much, H.; Stau£ W.; MQller, A. H. E. 
Macromolecules 2000, 33, 3687-3693; Pasch, H.; Brinkmann, C; Gallot, Y. Polymer 
1993, 34, 4100-4104; Pasch, H. Macromol Symp. 1996, 110, 107-120. Separation of 
polymers at critical conditions of adsorption allows for the elution of homopolymers 
independent of their molar mass on porous separation phases using mixed mobile phases. 
Under these conditions, homopolymers can be separated according to the number and 
nature of functional groups, e.g., end groups or comonomers. Due to a better separation 
LACCC is more sensitive for a quantitative determination of the precursor content than 
SEC. Figure 12 shows the LACCC chromatograms of the two PIB-ft-P/BMA's at critical 
conditions of PIB. In line with the results of the lithiation of TMP-T, it is verified that the 

excess of w-BuLi is deactivated and that PIB-TjLi 4 * is stable at 440 °C and it can initiate 
the polymerization of fBMA. These results show nearly quantitative blocking efficiency 
and the formation of the desired PDB-i-P/BMA block copolymer (Table 4). 

Example 5. Synthesis of star-shaped PIB using S1CI4. 

[0068] The synthesis of star-shaped PIB using SiCU was carried out in a glass reactor. 

To the reactor, 40 mL of THF and 0.5081 g (0.149 mmol) of PIB-T (M n = 3.40 x 10 3 

g/mol) were added, and then the mixture was cooled to -40 °C. After 10 min of stirring 

0.280 mL (0.448 mmol) of n-BuLi was transferred to the reactor by a transfer needle, n- 

BuLi was allowed to react with PIB-T for 60 min. Afterwards the system was warmed to 
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40 °C and stiired for 1 h in order to destroy the excess of n-BuLi. Then 4.34 piL (0.037 
mmol) of SiCU was added and allowed to react with the living chain ends for 2 h at 40 °C 
or for 22 h at 22 °C. Finally, the reaction was quenched by adding 5 mL (3.93 g, 0.12 
mol) of prechilled methanol. The product was precipitated into isopropanol and dried 
under vacuum at room temperature. 

[0069] In the synthesis of star polymers the linking reaction is usually the slowest step 
and star polymers made by cationic polymerization usually require cryogenic cooling. 
See Asthana, S.; Kennedy, J. P. J. Polymer. ScL t Part A: Potym. Chenu 1999, 37, 2235- 
2243. Up to now, no star coupling agent is known for living carbocationic PIB chain 
ends. Usually, coupling is brought about by the use of bifunctional monomers, e.g. 
divinylbenzene(see Asthana, S.; Kennedy, J. P. /. Polymer. Set, Part A: Pofym. Chem. 
1999, 37, 2235-2243), yielding a mixture of stars with different arm numbers. A room- 
temperature linking method is described here, in which lithiated PIB-T is reacted with 
chlorosilanes, e.g., SiCL$. Chlorosilanes have been used to couple anionic chain ends, 
e.g., living polybutadiene. Roovers, J. E. L. and S. Bywater (1972). " Macromolecules 
1972, 5, 385. Figure 13 shows the synthetic strategy for the preparation of star PIB using 
lithiated PIB-T and SiCU. 

[0070] A first experiment was carried out at 40 °C, using a ratio of [PIB-Tl:[SiCl4] = 4: 1 . 
The reaction was terminated after 2 h. GPC data indicate the formation of a star with 3.9 
arms on average. Another experiment with slightly different reaction conditions (room 
temperature, up to 22 h reaction time) was conducted. After 12 h, star formation was well 
underway, however, a large fraction of unreacted PIB chains remained (see Figure 14). 
The final star polymer was obtained after 22 h reaction time. The polymer at this stage 
shows the formation of a star with 3.7 arms on average (Table 5). A certain amount of 
three-armed stars could not be excluded, which may be due, for example, to insufficient 
reaction times or to steric hindrance caused by the thiophene ring. 
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Table 5. SEC Characterization of PIB Star. 



T/ reaction time 


10- J M p (arm) a 


lO'^Jl/p^pp 


(star) 8 


10 _J M P (star) 


Nann 




(g/mol) 


(g/mol) 




(g/mol) 




+22°C/22h 


4.00 




10.1 


14.6 B 


3.7 



a determined with linear PIB standards. 



b determined with viscosity detector using universal calibration. 
[0071] Although various embodiments are specifically illustrated and described herein, it 
will be appreciated that modifications and variations of the present invention are covered 
by the above teachings and are within the purview of the appended claims without 
departing from the spirit and intended scope of the invention. 
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IN THE CLAIMS: 

1. A method for converting a carbocationically terminated polymer to an anionically 
terminated polymer comprising: (a) providing a carbocationically terminated polymeric 
moiety; (b) reacting said carbocationically terminated polymeric moiety with a 

heterocyclic compound of the formula ^ — where -X- is selected from -S-, -0-, - 
NH- and -NR-, and where R is an alkyl group or an aryl group, thereby providing an end- 
capped polymeric moiety, wherein at least 75 wt% of the carbocationically terminated 
polymeric moiety becomes attached to the heterocyclic compound in a mono-substituted 
fashion; and (c) reacting said end-capped polymeric moiety with an organolithium 
compound to yield an anionically terminated polymeric moiety. 

2. The method of claim 1, wherein -X- is -S-. 

3. The method of claim 1, wherein -X- is -O. 

4. The method of claim 1, wherein -X- is selected from -NH- and -NRr where R is an 
alkyl group or an aryl group. 

5. The method of claim 1, wherein the heterocyclic compound is thiophene. 

6. The .method of claim 1, wherein at least 95 wt% of the carbocationically terminated 
polymeric moiety becomes attached to the heterocyclic compound in a mono-substituted 
fashion. 

7. The method of claim 1, wherein at least 99 wt% of the carbocationically terminated 
polymeric moiety becomes attached to the heterocyclic compound in a mono-substituted 
fashion. 
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8. The method of claim 1, wherein said carbocationically terminated polymeric moiety 
comprises a polymeric block selected from a polyvinyl aromatic) block, a 
carbocationically terminated poly(vinyl ether) block, and a carbocationically terminated 
poly(vinyl amine) block. 

9. The method of claim 1, wherein said carbocationically terminated polymeric moiety 
comprises a polyolefin block. 

10. Hie method of claim 1 , wherein said carbocationically terminated polymeric moiety 
comprises a polyisobutylene block. 

11. Hie method of claim 1, wherein said carbocationically terminated polymer comprises 
a plurality of carbocationicaliy terminated moieties. 

12. The method of claim 1, wherein said organolithium compound is an alkyllithium 
compound. 

13. The method of claim 1, wherein said organolithium compound is selected from 
methyllithium, ethyllithium, isopropyllithium, nbrmal-butyllhhium, secondary- 
butyllithium, tertiary-butylUthium, benzyllithium and allyllithium. 

14. The method of claim 1, further comprising removing excess organolithium 
compound by increasing temperature of the in the presence of a reactive solvent. 

15. The method of claim 1, further comprising removing excess organolithium 
compound by increasing temperature increasing the temperature to 30 °C or higher in the 
presence of tetrahydrofuran. 

16. The method of claim 1, further comprising reacting the terminated polymeric moiety 
with an anionically polymerizable monomer thereby producing an anionically 
polymerized polymer block. 
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17. The method of claim 16, wherein said anionically polymerizable monomer is selected 
from N,N-disubstituted acrylamide, NJSf-dimethacrylamide, alkyl acrylate, alkyl 
methacrylate, vinyl amide, acrylonitrile, methaciylonitrile, vinyl pyridine, isopropenyl 
pyridines, n-alkyl isocyanate, ethylene oxide, e-caprolactone, L,Mactide, DJD-lactide, 
D,L-lactide, and their mixtures. 

1 8. A block copolymer comprising a first polymer block comprising cationically 
polymerized monomers linked to a second polymer block comprising anionically 



19. The block copolymer of claim 18, wherein said first polymer block is selected from a 
polyolefin block, a polyvinyl ether) block, and a polyvinyl amine) block. 

20. The block polymer of claim 18, wherein said second polymer block is selected from a 
poly(N,N-disubsttoted acrylamide) block, a poly(N^-dimethaciylamide) block, a 
poly(alkyl acrylate) block, a poly(alkyl methacrylate) block, a polyvinyl amide) block, a 
poly(acrylonitrile) block, apoty(methacrylonitrile) block, a polyvinyl pyridine)b lock, a 
poly(isopropenyl pyridine) block, a poly(n-alkyl isocyanate) block, a polyethylene 
oxide) block, a poly(B-caprolactone) block, a poly(L,L-lactide) block, a poly(D,D-lactide) 
block, and a poly(D,L-lactide) block. 

21. A polymer comprising a polymer block comprising cationically polymerized 
monomers linked to a halogenated silane residue or a carbosilane residue by a 



X group, where -X- is selected from -S-, -O, -NH- and -NR- where R is an 
alkyl group or an aryl group. 
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